Purpose CA-125 has been a valuable marker for detecting ovarian cancer, however, it is not sensitive enough to detect early-stage disease and not specific to ovarian cancer. The purpose of our study was to identify autoantibody markers that are specific to ovarian cancer regardless of CA-125 levels. Methods Top-down and iTRAQ quantitative proteomics methods were used to identify high-frequency autoantibodies in ovarian cancer. Protein microarrays comprising the recombinant autoantigens were screened using serum samples from various stages of ovarian cancer with diverse levels of CA-125 as well as benign and healthy controls. ROC curve and dot blot analyses were performed to validate the sensitivity and specificity of the autoantibody markers. Results The proteomics methodologies identified more than 60 potential high-frequency autoantibodies in ovarian cancer. Individual serum samples from ovarian cancer stages I-IV compared to control samples that were screened on a microarray containing native recombinant autoantigens revealed a panel of stage I high-frequency autoantibodies. Preliminary ROC curve and dot blot analyses performed with the ovarian cancer samples showed higher specificity and sensitivity as compared to CA-125. Three autoantibody markers exhibited higher specificity in various stages of ovarian cancer with low and normal CA-125 levels. Conclusions Proteomics technologies are suitable for the identification of protein biomarkers and also the identification of autoantibody biomarkers when combined with protein microarray screening. Using native recombinant autoantigen arrays to screen autoantibody markers, it is possible to identify markers with higher sensitivity and specificity than CA-125 that are relevant to early detection of ovarian cancer.
Introduction
The American Cancer Society estimates that in 2013 about 22,240 new cases of ovarian cancer will be diagnosed and 14,030 women will die of ovarian cancer in the USA (ovariancancer.org) (Zhang et al. 2004; Hays et al. 2010; Jemal et al. 2010 ). Ovarian cancer is typically asymptomatic until well advanced; however, when ovarian cancer is detected early, the 5-year survival rate is over 90 % (Piver and Wong 1998) . Although used for screening, serum CA-125 has only a modest ability to detect early-stage ovarian cancer. In 20 % of advanced-stage ovarian cancer cases and 50 % of early-stage ovarian cancer cases, the CA-125 level is not elevated despite the presence of ovarian cancer (Partridge et al. 2009; Mor et al. 2005) . CA-125 screening is also not reliably enough for routine monitoring and is only administered to high-risk patients. Additionally, these tests have a very low predictive value and a high false-positive rate (Partridge et al. 2009 ). Accurate and routine screening tests are urgently needed for early diagnosis of ovarian cancer. Advanced-stage cancer patients also need a reliable monitoring test because the majority of these patients relapse and require further aggressive treatments. Development of improved diagnostic tools for the early detection of ovarian cancer, including the discovery of new ovarian cancer biomarkers, has the potential to significantly improve the survival rate.
The human immune system, aptly called the ''ultimate biosensor'' (Chatterjee et al. 2006) , is considered the most sensitive and specific sentinel early warning system for cancer, eliciting a clear amplified response in the form of ''autoantibodies'' that can be detected even in the presence of very few tumor cells (Burnham 1972; Tan 1991; Tan et al. 1988; Vogelstein and Kinzler 1993; Levine 1997; Hanahan and Weinberg 2000; Robinson et al. 2000) . Detection of circulating tumor-associated antigen (i.e., CA-125) relies on aberrant expression of specific proteins and their release from tumor cells to achieve a steady state, which normally occurs well after the tumor is established (Taylor and Gercel-Taylor 1998) . However, aberrant expression of tumor-associated proteins at the initial transformation event may trigger an autoantibody response (Gagnon et al. 2008; Gercel-Taylor et al. 2001) . The appearance of autoantibodies in the patient's blood may signal the earliest presence of abnormal tumor proteins up to 2 years before a tumor is visible by conventional methods, such as imaging, and prior to detection of circulating antigens (Anderson and LaBaer 2005; Nesterova et al. 2006) . Autoantibody biomarkers are also very sensitive monitors of the effectiveness of cancer treatment because their reappearance in the serum after surgery and chemotherapy may be an early signal of cancer recurrence.
The sensitivity, specificity, and ultimate usefulness of autoantibodies to detect malignancy are highly dependent upon the target antigens selected. Many earlier studies of cancer autoantibodies used serum probing of recombinant proteins, including cDNA libraries Luo et al. 2002; Yamamoto et al. 1996; Jager et al. 1998; Gure et al. 1998) , phage display (Chatterjee et al. 2006) , or denatured proteins resolved by 2-D electrophoresis as the target antigens (Caron et al. 2007 ). These methods have significant limitations, notably the absence of proper conformation and posttranslational modifications on recombinant proteins used in antibody recognition (Fossa et al. 2004; Suzuki et al. 2004; Le Naour et al. 2002; Zhang et al. 2003) and the generation of ''missense'' or ''nonsense'' products from cDNA libraries and phage displays that do not occur in vivo . Thus, these approaches have the potential to overlook proteins relevant to cancer specificity because they do not evaluate native proteins that are known serum components and may possess protein conformational and posttranslational modifications that can profoundly influence antibody specificity (Fossa et al. 2004; Suzuki et al. 2004; Zhang et al. 2003; Brichory et al. 2001; von Mensdorff-Pouilly et al. 2000) .
In the last decade, with the evolution of various proteomics technologies, the potential for the identification of biomarkers has increased tremendously despite the extreme complexity of the serum with a dynamic range in concentration of several orders of magnitude (Anderson and Anderson 2002) . More recently, proteomics, using a combination of sophisticated methods, provided new opportunities for screening and identifying autoantigens (Caron et al. 2007 ). Current proteomics-based discovery approaches include ''top-down'' proteomics that utilizes intact protein analysis using the combination of 2-D gel and 2-D Western blotting, or ''bottom-up'' proteomics that utilizes multipleaffinity protein profiling using combined ion exchange, reverse phase, and affinity chromatography for the purification of putative autoantigens followed by nano-LC-MS/ MS analysis (Canelle et al. 2005 ). In addition, recent developments in multiplex quantitative proteomics, such as iTRAQ (Ross et al. 2004; Aggarwal et al. 2005; Shetty et al. 2012) , have been useful in biomarker discovery but have yet to be utilized in the discovery of autoantibody biomarkers.
In the current study, we compared two different but complementary proteomics technologies, including protein microarray screening and iTRAQ multiplex quantitative proteomics methods, to identify a panel of autoantigens targeting ovarian cancer. Protein microarrays comprised of the recombinant autoantigens were screened using serum samples from donors at various stages of ovarian cancer with diverse levels of CA-125, as well as benign and healthy controls. In this preliminary study, we report a panel of highly sensitive and specific autoantibodies that distinguishes early-stage ovarian cancer with normal or low levels of CA-125.
Materials and Methods

Human serum samples
Twenty serum samples for autoantibody discovery (Table 1A) were collected from each group: confirmed stage I ovarian cancer, stage II-IV ovarian cancer, and benign pelvic mass or endometriosis. Ovarian cancer serum samples were purchased from Proteogenex (Culver City, CA). Age-matched healthy female serum samples were purchased from Research Blood Components, LLC (Brighton, MA). Samples with various CA-125 levels (Table 1C) were selected from Duke University and Proteogenex cohorts. Samples were obtained under IRBapproved protocols from patients with ovarian cancer undergoing treatment at Duke University Medical Center. Serum samples were collected and stored at -80°C.
Protein microarray analysis
Ovarian cancer cell lysates were prepared by combining 5 9 10 8 SK-OV3 and 5 9 10 8 OVCAR3 cells by homogenization and freeze/thaw cycles in lysis buffer containing 1 % NP40 (IBI-Scientific), 150 mM NaCl, 10 mM Na 2 HPO 4 , 1 mM EDTA and a cocktail of protease inhibitors (all reagents from Calbiochem). For protein microarray preparation (workflow in Fig. 1 ), 1 mL of the lysate was diluted to 2.5 mL total volume with ProteoSep Start Buffer (SB) and then buffer exchanged and desalted using a PD-10 Column (GE Healthcare). The eluent was diluted to 5.5 mL with SB, and the contents were injected into the PF2D fractionation system (Beckman-Coulter, Inc) for 2D fractionation using the standard protocol (Caiazzo et al. 2011) . Glycerol was added to each of the fractions collected, and the plates were dried down using a SpeedVac. Microarray printing buffer was added, and the contents were transferred to 384-well plates (Genetix) for printing onto PATH slides (Gentel Biosciences) for serological assays. Two-dimensional microarrays of the 2D fractions and controls were printed using 150-um pins and a Genetix printer.
iTRAQ proteomics analysis Individual serum samples from ovarian cancer and control cohorts were processed for iTRAQ proteomics analysis (Ross et al. 2004; Aggarwal et al. 2005) following the workflow shown in Fig. 1 . For the iTRAQ analysis, serum samples were pooled from healthy normal, benign, stage I, and stage II-IV ovarian cancer individuals and applied to protein A/G column to capture and cross-link the IgG fraction from the serum. Serum IgGs were purified from 10 lL of serum and cross-linked using an immunoprecipitation kit (Pierce-Thermo scientific) according to the manufacturer's instructions. Sera were incubated overnight at room temperature (RT) with 50 uL of protein A/G ultralink resin (Pierce-Thermo). The beads were then washed three times with coupling buffer. Cross-linking was achieved by incubating the protein A/G-immobilized antibody beads with 0.5 mM disuccinimidyl suberate for 1 h. Beads were then washed three times with elution buffer and twice with cold IP lysis/wash buffer. Protein lysate prepared from ovarian cancer cell lines was added to the protein A/G-immobilized IgG beads prepared from each control and cancer serum samples and incubated overnight at 4°C on a rocking platform. The suspensions were then washed three times with IP lysis/wash buffer and three times with PBS. The immunoprecipitated proteins were recovered by eluting with 10 mL of elution buffer. a iTRAQ 4plex quantitative proteomics method using pooled serum samples (Table 1A) . b Top-down proteomics in combination with protein microarray screening method. Protein microarray was generated from 2D separation of ovarian tumor lysate samples, and individual serum samples were screened on the protein microarray
The eluted samples were reduced with dithiothreitol (DTT) (5 lg/lL in 50 mM AB) by incubating the mixture at 65°C for 45 min, alkylated with iodoacetamide (15 lg/lL in 50 mM AB), and digested following Waters' protocol using RapiGest as a detergent. Briefly, digestion was carried out by Trypsin (Promega) (5 ng/lL in 50 mM AB) overnight at 37°C in a water bath. The tryptic peptide mixture was purified by sep-pak (C-18) columns (Waters). The columns were then washed thoroughly with 0.1 % TFA, and the tryptic peptides were eluted in 1 mL of 80 % acetonitrile and concentrated under vacuum. Peptide mixtures were labeled using 4-plex iTRAQ labeling kit (Applied Biosystems) following the vendor's recommended protocol. The four iTRAQ-labeled peptide solutions were mixed and purified using cation exchange (SCX) chromatography as described elsewhere (Shetty et al. 2012 ). The SCX-purified iTRAQ-labeled peptide mixture was fractionated by a Dionex C-18 RP column (4.6 mm diameter 9 150 mm length) using an off-line ultimate 3,000 HPLC (Dionex, Sunnyvale, CA). A total of 35 fractions were collected, and each fraction was concentrated to 6 lL under vacuum. The purified and fractionated iTRAQ-labeled tryptic peptides were analyzed by datadependent nano-LC-MS/MS experiments on Velos LTQOrbitrap mass spectrometer (Thermo Fisher) interfaced with a nano-ultimate HPLC (Dionex). The sample was loaded onto a trap column of 100 lm ID 9 2 cm (L) packed with 5-lm Magic C18 AQ (200 A, 3 lm, Michrom) and washed using 97.95 % H 2 O, 2 % ACN, and 0.05 % TFA buffer at a flow rate of 10 lL/min for 5 min. The peptides were then separated by a self-packed 75 lm ID 9 50 cm (L) fused silica column packed with 3 lm Magic C18 AQ (200 A, 3 lm, Michrom) using a linear gradient of Buffer B from 4 to 55 % in 50 min at a flow rate of 300 nL/min. Buffer A was constituted of 0.1 % formic acid in water, and Buffer B was constituted of 0.1 % formic acid, and 80 % acetonitrile in water. The analytical column was coupled to the mass spectrometer via a nanospray ion source (Proxeon) with a metal emitter. The peptides were analyzed in the Orbitrap operated at 60,000 resolution in full scan (300-2,000 m/z) followed by 10 data-dependent HCD MS/MS scans (100-2,000 m/z) with 7,500 resolution and normalized collision energy of 45 %. Survey scans were acquired in profile mode, and MS/MS scans were acquired in centroid mode. Maximum injection times for MS and MS/MS were set to 500 and 1,000 ms, respectively. The precursor isolation width was set at ±1.2 Da, and monoisotopic precursor selection was enabled and singly charged ions are excluded from MS/ MS. The minimum intensity threshold for MS/MS fragmentation in the orbitrap analyzer was 5,000 counts, and the dynamic exclusion was set to 60 s with repeat count as one. Proteins were identified by searching the LC-MS/MS raw data in SwissProt human database using Proteome Discoverer software (2.0) with Sequest search algorithm (Thermo). The search results were also verified manually to identify the correct peptide sequence. Only unique peptides were considered for the calculation of protein ratios, and these ratios resulted from the median ratios. Peptides/proteins quantified with C1.5-fold increase in concentration were considered as up-regulated in the current analysis.
Serum sample screening on the microarray Individual serum samples from different cohorts were diluted and added each to microarray slide. Briefly, the slides were rinsed with 1xPBS ? 0.5 % Tween 20 (0.5 %PBST) and then blocked for 1 h at RT in 0.5 %PBST ? 1 % IgG-free BSA. After drying, a 1:75 dilution of serum samples was made in 0.5 %PBST ? 1 % IgG-free BSA, and 500 lL of this solution was incubated on the slide for 1 h at RT. The slides underwent three 5-min washes in 0.5 %PBST and dried by centrifugation. Next, the slides were incubated with 5 lg/mL anti-human IgG-Biotin in 0.5 %PBST ? 1 % IgG-free BSA for 1 h at RT. The slides were washed three times and dried by centrifugation before being incubated with 1 lg/mL Streptavidin-647 in 0.5 %PBST ? 1 % IgG-free BSA for 1 h at RT. Finally, the slides were washed three times for minutes and then rinsed briefly in dH2O, dried by centrifugation, scanned on a ScanArray Lite (Perkin Elmer), and analyzed by Genepix software.
Statistical analysis and selection of fractions
The resulting data set was analyzed using M2 statistics and a PAMR statistical package and compared for overlap to identify the fractions that would distinguish one patient subgroup from another as determined by the cohort. For the PAMR analysis, the data were normalized (Log10 then quartile normalized) and appropriate thresholds were used to ''pick'' the top 30-40 discriminating fractions of interest. These fractions were then compared to the M2 statistical analysis and the raw data to generate a set of statistically significant fractions for further analysis by mass spectrometry for the identification of autoantibody-reactive proteins.
Mass spectrometry analysis of the fractions Selected protein fractions were subjected to trypsin digestion. Briefly, the protein solution was mixed with 30 lL of 50 mM AB containing 0.1 % of Rapigest SF and reduced with DTT (5 lm/lL in 50 mM AB) at 65°C for 45 min and alkylated with IA (15 lM in 50 mM AB) in the dark for 30 min. Then the alkylated proteins were digested by trypsin (5 ng/lL in 50 mM AB) overnight in a 37°C water bath. RapiGest was removed according to the vendor's recommended procedure. The digested peptides were purified by C-18 chromatography. Each fraction was then concentrated to 6 lL under vacuum and subjected to mass spectrometry. A 3,000 Nano Ultimate HPLC (Dionex, Sunnyvale, CA) was coupled with LTQ mass spectrometer (Thermo Electron, San Jose, CA) equipped with advanced nanospray source to analyze peptides. The peptides were analyzed by normal data-dependent mode method in which the instrument was set to acquire fragment ion (MS/MS) spectra on the four most abundant precursor ions from each MS scan with a repeat count set of 1 and duration of 30 s. The raw data from LTQ mass spectrometer were searched against SwissProt human database with Proteome Discoverer algorithm. Results were filtered using Xcorr threshold for ?1 of 1.8, ?2 of 2.2, and ?3 of 2.5. Proteins identified with at least two unique tryptic peptides were considered true positives. The search results were further verified manually.
Protein preparation and microarray printing
Sixty high-frequency ovarian-cancer-specific autoantibody-reactive proteins identified by protein microarray and iTRAQ analysis were selected (Table S1 ) for the generation of recombinant proteins. Recombinant protein generation was outsourced to Origene (Rockville, MD), where protein production was performed in CHO cells and the proteins were purified to 80-90 % purity. After determining the volume of each protein received, the volume was brought to 100 lL with dH2O and 40 lL was used to print the high-density protein microarray. Proteins were diluted in PBS pH 7.4 at 0.1 mg/mL in a 384-well source plate (Genetix) and loaded onto a Scienion sciFLEXARRAYER S3 ultra-low-volume noncontact microarrayer. Microarray slides coated with ultrathin nitrocellulose (PATH, Gentel Biosciences) were pregridded into 52 identical subarrays by using a wax imprinter (Gel Company). Thirty autoantigens and four control proteins were spotted onto each subarray in triplicate, resulting in a 10x10 protein array within each subarray. The controls were influenza HA protein, purified human IgG, alpha gal antibody, and biotinylated anti-human IgG. The microarray slides were stored in a vacuum sealed cassette with desiccant at 4°C before use.
Detection of autoantibody in patients' serum samples Prevalidation serum samples (Table 1B, C) were diluted 10-100 times by using PBS ? 0.1 % Tween 20 (0.1 %PBST). Microarray slides were pre-equilibrated to RT and blocked in 0.5 %PBST ? 1 % IgG-free BSA for 1 h and dried by centrifugation. Six microliters of each diluted serum sample was applied onto each subarray on the microarray slide and incubated in a humidified chamber with gentle shaking at RT for 1 h. After three 5-min washes with 0.5 %PBST and drying by centrifugation, 6 lL of 1 lg/mL of biotinylated goat F(ab')2 anti-human IgG (Jackson Immuno Research) was applied onto each subarray and the slides were incubated in a humidified chamber at RT for 1 h. After repeating the wash/dry cycle again, the microarray slides were probed with 1 lg/mL of Streptavidin-647 (Invitrogen #S20992) at RT for 1 h. Following three 5-min washes with wash buffer, the slides were washed briefly with dH 2 O and then dried and scanned on a ScanArray Lite (Perkin Elmer) at a resolution of 10 lm. The data were extracted by using Genepix 6.0 (Fig. 2) . T tests were performed and P values were generated using a one-tail, two-sample, equal-variance T test, and those proteins with a P value of less than 0.1 were flagged for further analysis. In order to determine the sensitivity and specificity of the tested autoantibody markers capable of distinguishing benign disease versus cancer, nonparametric receiver-operating characteristic (ROC) curves were performed, in which the value for sensitivity was plotted against false-positive rate (1-specificity). In addition, an area under the ROC curve (AUC) with 95 % confidence intervals (CI) was calculated for each marker. In all tests, a P value of B0.05 was considered to be statistically significant. The average values for each patient were used, and ROC curves were generated using GraphPad Prism 5.
Dot blot analysis
Dot blot analysis was performed using pooled cancer, benign, and ovarian cancer samples with various CA-125 levels. The PVDF membrane (Immobilon, EMD Millipore) was designated into 0.5 00 9 1.0 00 areas using a pencil and wet with 100 % methanol (MeOH) for 15 s at RT. Then the membrane was rinsed in dH 2 O with gentle agitation for 2 min at RT. Finally, the PVDF membrane was equilibrated in blotting buffer (19Tris-Glycine-SDS buffer with 20 % MeOH) for 5 min with gentle agitation at RT. The proteins were spotted in duplicate into a designated grid-like section at a volume of 3 lL per spot. Once all the proteins were spotted, the membrane was allowed to dry at RT for about 10 min (or until the protein spots were absorbed into the membrane). The PVDF membrane was then blocked [1:1 PBS ? Odyssey Blocking Buffer (PBS ? OBB); LiCOR Biosciences] for 1 h with gentle agitation at RT. Dilutions of pooled serum samples (1:100) were prepared using 1:1 0.1 %PBST ? 19 Odyssey Blocking Buffer (0.1 %PBST ? OBB). After blocking, the membrane was cut along the 0.5 00 9 1.0 00 designations, and each piece of the membrane was placed into a 60-mm dish with a different pool of serum. The membrane was probed with the serum sample for 2 h with gentle agitation at RT. The membranes then received three 5-min washes in 0.1 %PBST with agitation at RT. Next, the membranes were probed with an IRDye 800CW goat anti-mouse antibody (1:5,000) (LiCOR Biosciences) in 0.1 %PBST ? OBB for 1 h with gentle agitation at RT. Again, the membranes were washed three times for 5 min in 0.1 %PBST with agitation at RT. Finally, the membranes were imaged using a LiCOR Odyssey Imaging System to acquire quantitative data.
Results
Proteomics methods to identify high-frequency autoantibodies in ovarian cancer
To identify high-frequency autoantibodies in ovarian cancer, we investigated two complementary proteomics methodologies. Protein microarrays (Fig. 1) were generated from cell lysates by combining two well-characterized ovarian cancer cell lines. The combined lysate was 2D fractionated to yield over 1,000 fractions. Microarrays printed using these fractions were screened using serum samples from patients with ovarian cancer and benign gynecologic conditions (endometriosis and benign pelvic masses), as well as age-matched healthy females (Table 1A) . Over 50 fractions were selected based on cancer-specific autoantibody reactivity. Autoantigens present in the selected fractions were identified by LC-MS/ MS analysis. Since we applied mass spectrometry analysis of the active and adjacent fractions, the first criterion for the selection of targets was the presence of tryptic peptides from the parent protein only in the active fractions. The next criterion was a greater number of tryptic peptides present in the active fraction as compared to the adjacent fractions. Based on these criteria, we selected a panel of autoantibody targets for ovarian cancer. We identified over 100 proteins with various specificities, i.e., highly reactive with cancer serum samples as compared to either benign or healthy control samples. The iTRAQ quantitative analysis ( Fig. 1) was performed using the same cell lysate and serum samples from the same cohorts. iTRAQ analysis yielded over 100 proteins that showed [1.5-fold higher reactivity with the autoantibodies in cancer serum samples as opposed to benign and healthy controls. The protein data between these two proteomics methods were compared to select 60 autoantigen proteins for recombinant protein generation (Table S1 ). There was *20 % overlap between the autoantigens identified using these two methods. Also, a few autoantigens we identified were reported by others in ovarian and other cancers (Table S1 ) including p53 (Taylor et al. 2009; Abendstein et al. 2000) , NY-ESO-1 (Sahin et al. 1995) , HOXA7 (Naora et al. 2001) , and plakoglobin (Gagnon et al. 2008 ). Benign ovarian disease had very few to no measurable autoantibodies. However, high levels of autoantibodies were identified in ovarian cancer samples. Interestingly, using ovarian cancer and benign patients' serum samples as well as normal and cancer ovarian tissue lysates in Western blot analysis showed that benign serum samples had very few autoantibodies as opposed to elevated diverse autoantibody levels in ovarian cancer patients that recognized multiple antigens from ovarian cancer tissue.
Custom autoantigen microarray to identify highfrequency ovarian cancer autoantibodies Native recombinant proteins were generated for 60 proteins selected from high-frequency autoantibodies identified by Fig. 2 Recombinant protein microarray analysis. Individual serum samples from ovarian cancer, benign ovarian disease, and normal control donors were screened on a microarray containing recombinant autoantigens. Positive image for one of the autoantigens is shown iTRAQ quantitative proteomics and by protein microarray proteomics in ovarian cancer as compared to benign ovarian disease and healthy individuals (Table S1) . These recombinant proteins, in addition to controls, were printed on microarray slides for prevalidation screening of serum samples to identify the most high-frequency autoantibodies in ovarian cancer for further analysis (Table 1B) . Each of the ovarian cohorts of samples was applied to the custom microarray and analyzed for autoantibodies present in the cancer samples as compared to the benign and healthy serum samples. A typical positive image for cancer is shown in Fig. 2 . Data analysis for significant levels of autoantibodies in ovarian cancer generated 11 specific autoantibodies compared to benign and healthy samples (Table 2A) . Interestingly, we also found there were seven autoantibodies that were significantly higher in stage I cancer samples as compared to stage II-IV samples, which can form the foundation for potential early-stage diagnostics (Table 2B) . Although all the autoantibody targets are implicated in cancer initiation and development, ezrin (Song et al. 2005) , cofilin-1 (Nishimura et al. 2011; Li et al. 2013) , and PDZ domain-containing protein (Chaib et al. 2001 ) are implicated as prognostic markers in ovarian and other cancers.
Specificity and sensitivity analysis of autoantibody markers
To assess the sensitivity and specificity of the autoantibody markers, we performed receiver-operating characteristic (ROC) curves. The microarray data for the selected four markers that were present in high frequency in stage I ovarian cancer as compared to stage II-IV and benign samples are shown in Fig. 3 . The cutoff value of 2,000 spot density units (SDU), as identified from the microarray data (Fig. 3) , was used to generate ROC curves (Fig. 4) that would distinguish stage I ovarian cancer from control samples (Table 2A) . As shown in Fig. 4 , the selected autoantibodies showed higher specificity in distinguishing cancer from benign samples. Since we did not have a cohort of benign disease with CA-125 levels, we could not directly compare the autoantibody markers with CA-125. In addition to ROC curve analysis, we performed dot blot analysis using the native recombinant proteins (CFL1, EZR, PDZ, and TUBA1C) and pooled cancer and benign serum samples. Cancer samples were pooled as three groups (stage I, stage II-IV, and stage I-IV). The sample pools were prepared based on the stage of the ovarian cancer regardless of their CA-125 levels. As shown in Fig. 5 , all the stages of ovarian cancer showed high immunoreactivity with CFL1, EZR, and PDZ proteins and, interestingly, stage I exhibited higher immunoreactivity with CFL1 and PDZ proteins.
Autoantibody targets distinguish different stages of ovarian cancer with various CA-125 levels To further validate the candidate markers, we performed dot blots with CFL1, EZR, and PDZ recombinant proteins and serum samples pooled based on normal to very high levels of CA-125 regardless of the stage of the ovarian cancer and samples from non-ovarian cancer (non-OV) with various CA-125 levels (Table 2B ). The immunoreactivities for nonovarian cancer samples were negative to all the antigens tested. The mean for all the ovarian sample cohorts was statistically different from non-ovarian cancer samples. For most of the antigens tested, the mean reactivity was greater for samples with normal and low CA-125 levels than medium through very high levels of CA-125 (Fig. 6) . Specifically, the reactivity of samples with normal and low CA-125 levels with PDZ antigen was significantly greater than that of CFL1 and EZR antigens. All the dot blot analyses were performed with pooled samples. Although not significant, when the samples from stage I-IV were pooled, the immunoreactivity was diminished (Fig. 5 ) perhaps due to the pooling effect. Pooled samples, although normalizing a less diverse group, may mask the effect of the true marker if more diverse samples are pooled.
Discussion
Circulating autoantibodies against tumor proteins are present at the very earliest stages of ovarian (Luborsky et al. 2005 ) and prostate cancer (Suzuki et al. 2004 ) along with a variety of other cancers (Chen et al. 2007 ) including leukemia, malignant melanoma, lung, breast, gastrointestinal, nasopharyngeal, and hepatocellular carcinomas (Burnham 1972) . Production of autoantibodies occurs when certain intracellular proteins become immunogenic due to dysregulation of their function or alteration in molecular structure or localization, leading to the elicitation of a tumor-specific immune response (Tan 1991; Tan et al. 1988 ). These antibodies react to a variety of tumorassociated antigens (Mueller-Pillasch et al. 1997; Vogelstein and Kinzler 1993; Levine 1997; Hanahan and Weinberg 2000) . The detection of anti-p53 antibodies can predate the diagnosis of cancer (Soussi 2000; Vogl et al. 1999 Vogl et al. , 2000 , strongly suggesting the potential to use autoantibodies as a means for early detection of the presence of tumors (Haab 2005) . Various approaches have been used in the past to discover autoantibodies of diagnostic value. Although cDNA and phage display library screening yielded autoantibody targets for various cancers, the data on characterization and large-scale screening of individual targets resulted in limited diagnostic significance. However, emerging proteomics methods have shown promising utility in the discovery of biomarkers, including cancerspecific autoantibodies (Caron et al. 2007) . In this report, using two different proteomics methods in combination with protein microarray screening, we have identified and characterized a panel of autoantigens in ovarian cancer. Different proteomics methods resulted in a group of ovarian-cancer-specific high-frequency autoantibodies as compared to benign samples. Among the two proteomics methods used, iTRAQ method gave the best results and all the 11 validated markers were identified by iTRAQ method with six markers overlapping with the protein microarray methodology (Table S1 ). Furthermore, screening of serum samples using protein array containing native recombinant high-frequency autoantibody targets (autoantigens) identified a panel of stage I ovarian-cancer-specific autoantibody markers (Table 2 ).
In our analysis, significant levels of autoantibodies were not detected in the serum of the patients with benign ovarian diseases, consistent with the previous reports Taylor et al. 2009 ). Specifically, Taylor et al. (2009) demonstrated that high levels of autoantibodies directed against multiple antigens in ovarian cancer were detectable in cancerous, but not benign, serum samples. We also identified a few autoantigens that were reported by others using various methods, such as p53 (Abendstein et al. 2000; Sahin et al. 1995) , NY-ESO-1 (Sahin et al. 1995) , HOXA7 (Naora et al. 2001) , and plakoglobin (Gagnon et al. 2008) . However, in our screening of various stages of ovarian cancer serum samples, using an individual protein microarray designed to include highfrequency autoantibody targets only resulted in identification of one previously reported prostate cancer autoantigen (Ehrlich et al. 2006) . Interestingly, using the native recombinant protein microarray as the final screen, we identified several novel autoantibodies in ovarian cancer, specifically in stage I ovarian cancer samples that could potentially be useful in the development of early-stage diagnostics (Table 2) . We screened the stage I and stage II-IV ovarian cancer samples using dot blot analysis and ROC sensitivity/specificity analysis to further select the autoantibody targets specific to stage I ovarian cancer (Figs. 2, 3) .
Immunoreactivity with CFL1, EZR, and PDZ autoantigens was significant in all stages of ovarian cancer indicating sustained autoantibody responses to these tumor-associated antigens (Fig. 5) . We further demonstrated that these autoantibodies were not only present in all stages of ovarian cancer but were also present in normal to low-level CA-125-positive ovarian cancer regardless of staging (Table 1C ; Fig. 6 ). Although our patient sample numbers were low, it is a significant observation that autoantibodies can distinguish ovarian cancer with normal levels of CA- Fig. 4 Receiver-operating characteristic (ROC) curves discriminating ovarian cancer from benign controls. The ROC curves for selected autoantibody markers for ovarian cancer were generated using GraphPad Prism 5. Area under the ROC curve (AUC) with 95 % confidence intervals (CI) was calculated, and a P value of B0.05 was considered to be statistically significant (Table 1B ). An example (PDZ) of the dot blot image is given on the right 125 from non-ovarian cancer with high levels of CA-125. CA-125 testing is not sensitive for detecting early-stage ovarian cancer with normal levels of CA-125 (Ferrini 1997) . For example, 79 % of all ovarian cancers are positive for CA-125, whereas the remainder does not express this antigen at all (Rosen et al. 2005) . Also, only about 50 % of patients with early-stage ovarian cancer have elevated CA-125 levels, meaning that CA-125 has particularly poor sensitivity to ovarian cancer before the onset of symptoms (Sasaroli and Scholler 2009; Nossov et al. 2008) . We report here that the sensitivity and specificity of the autoantibody markers are not significantly different from CA-125 in detecting stage I-IV ovarian cancer. However, the key finding of our work is twofold. First, the autoantibodies have a high rate of sensitivity and specificity for correctly classifying ovarian cancer with normal CA-125 levels (\35 U/mL). This finding is important because it could help clarify the primary origin of the tumor in women with peritoneal metastases of unknown primary when the CA-125 is normal. Second, the autoantibodies are able to distinguish ovarian cancer, regardless of the stage of the disease, from non-ovarian cancer when the CA-125 levels are[35 U/ml. This finding is important because it could help clarify the primary origin of the tumor in women with peritoneal metastases of unknown primary and an elevated CA-125 levels ([35 U/ ml). In some instances, tumors other than ovarian cancer that involve the peritoneum can cause elevated CA-125 levels.
Another important aspect of our study was the identification of previously unreported autoantibodies against CFL1, EZR, and PDZ. Our results demonstrate that the presence of autoantibodies against CFL1, EZR, and PDZ antigens can not only differentiate between benign ovarian masses and stage I-IV ovarian cancer but can also distinguish ovarian cancer with normal to low levels of CA-125 from non-ovarian cancer with significant CA-125 levels. The proteins ezrin (EZR) (Song et al. 2005) , cofilin (CFL-1) (Nishimura et al. 2011; Li et al. 2013) , and PDZ (Chaib et al. 2001 ) are implicated as prognostic markers in ovarian and other cancers. Inhibiting CFL-1, a protein directly involved in cell migration (Zhu et al. 2006) , affects cell motility in carcinoma cells (Hotulainen et al. 2005) and reduces the invasiveness of carcinoma cells by reducing the assembly and stability of invadopodia (Yamaguchi et al. 2005) .When overexpressed, CFL-1 increases the velocity of cell migration (Yap et al. 2005 ). In addition, Nishimura et al. (2011) demonstrated that the progression-free survival was longer in CFL-1 protein-negative cases; therefore, CFL-1 may predict the progression-free survival of patients with advanced epithelial ovarian cancer receiving standard therapy. Similar to CFL-1, the protein EZR is also a membrane cytoskeleton-linking protein that regulates cell motility, signal transduction, cell-to-cell and cell-to matrix recognition, cell growth, and invasion (Ohtani et al. 1999; Chen et al. 2001; Polesello et al. 2002; Gautreau et al. 2002) . Proliferation of cancer cells and the metastatic phenotype of ovarian carcinoma depend on the expression of EZR protein (Ohtani et al. 1999; Chen et al. 2001) . Furthermore, Song et al. have shown that estrogen induces overexpression of EZR, Matrigel membrane invasion, and proliferation of ovarian cancer cells (Song et al. 2005) . Unlike CFL-1 and EZR, very little is known about PDZ in ovarian cancer. However, PDZ motifs are likely involved in protein clustering and scaffolding, and studies suggest that the inappropriate up-regulation of these proteins may contribute to tumorigenesis in prostate cancer (Chaib et al. 2001) .
Overall, it is intriguing to note that in our study we found antibodies to CFL-1, EZR, and PDZ motif-containing proteins in all stages of ovarian cancer. This response needs to be investigated further since it may be involved in the suppression of the effect of these proteins and could contribute to the progression-free survival at all stages of ovarian cancer. The majority of tumor-derived antigens that have been identified as eliciting a humoral response in Fig. 6 Dot blot analysis of samples with various CA-125 levels. Dot blot analysis was performed with recombinant autoantigens and serum samples from ovarian cancer and nonovarian cancer patients with various levels of CA-125 (Table 1C) cancer patients are not the products of mutated genes. They include differentiation of antigens and other proteins that are overexpressed in tumors Luo et al. 2002) . There is some evidence that the occurrence of autoantibodies in cancer is of prognostic relevance as well (Maddison et al. 1999; Blaes et al. 2000; Hirasawa et al. 2000) . Individual or combinations of these three autoantibodies in ovarian cancer may have utility as early diagnostic markers. Since multiple antibody measurements may improve the predictive accuracy, it will be necessary to test the clinical usefulness of these autoantibodies in large and independent patient cohort to improve the statistical power and validate as a clinically reliable approach.
